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Abstract: [Fe]-hydrogenase hosts an iron-guanylylpyridinol
(FeGP) cofactor. The FeGP cofactor contains a pyridinol ring
substituted with GMP, two methyl groups, and an acylmethyl
group. HcgC, an enzyme involved in FeGP biosynthesis,
catalyzes methyl transfer from S-adenosylmethionine (SAM)
to C3 of 6-carboxymethyl-5-methyl-4-hydroxy-2-pyridinol (2).
We report on the ternary structure of HcgC/S-adenosylhomo-
cysteine (SAH, the demethylated product of SAM) and 2 at
1.7 c resolution. The proximity of C3 of substrate 2 and the S
atom of SAH indicates a catalytically productive geometry.
The hydroxy and carboxy groups of substrate 2 are hydrogen-
bonded with I115 and T179, as well as through a series of water
molecules linked with polar and a few protonatable groups.
These interactions stabilize the deprotonated state of the
hydroxy groups and a keto form of substrate 2, through
which the nucleophilicity of C3 is increased by resonance
effects. Complemented by mutational analysis, a structure-
based catalytic mechanism was proposed.
S-adenosylmethionine (SAM)-dependent methyltransfer-
ases, which are found in all three domains of life, catalyze
methyl-transfer reactions to diverse substrates of various
sizes, which are involved in secondary metabolism, transcrip-
tional regulation, and signal transduction.[1] They are classi-
fied as O-, N-, C-, or S-methyltransferases depending on the
methyl-accepting atom of the substrates. C-methyltransfer-
ases are further subdivided into canonical SAM-dependent
enzymes[2] and radical-SAM-dependent enzymes.[3] They
catalyze methyl transfer to a nucleophilic carbon through an
SN2 mechanism and to an electrophilic sp
2-hybridized carbon,
respectively.[1b] Notably, SAM-dependent methyltransferases
have attracted attention as synthetic tools for biotechnolog-
ical applications.[4]
[Fe]-hydrogenase is involved in the methanogenic path-
way from H2 and CO2, and catalyzes reversible hydride
transfer from H2 to methenyltetrahydromethanopterin.
[5] The
active site of [Fe]-hydrogenase hosts an iron guanylylpyridi-
nol (FeGP) cofactor (1). The low-spin FeII is coordinated to
two CO groups, one cysteine thiolate, and the nitrogen and
acylmethyl substituents of the pyridinol ring (Figure 1a). The
pyridinol ring is further substituted with one guanosine
monophosphate (GMP) and two methyl groups.[6]
According to isotope-labeling analysis, the 3-methyl
group of the FeGP cofactor 1 originates from the methyl
group of methionine, thus indicating the participation of
a SAM-dependent methyltransferase.[7] Recently, Fujishiro
et al. reported structure-based functional analysis of biosyn-
thetic enzymes for the FeGP cofactor,[8] which are encoded in
the hcg gene cluster. They also determined crystal structures
of HcgC from Methanocaldococcus jannaschii.[8d] Structural
comparison showed significant similarities betweenHcgC and
the Rossmann-fold SAM-binding domain of the methyltrans-
ferase RumA, although a Blast search based on the protein
sequences did not show any relationship. Biochemical experi-
ments finally demonstrated that HcgC catalyzes methyl
transfer to C3 of 6-carboxymethyl-5-methyl-4-hydroxy-2-
pyridinol (2), using SAM as a methyl donor (Figure 1b).[8d]
In the reported structure of the HcgC/SAM complex, SAM
binds in front of the C-terminal loops of the central parallel b-
sheet of the N-terminal domain, which is in line with SAM-
dependent methyltransferases characterized by a Rossmann-
type ab fold.[8d] Docking simulations convincingly suggested
pyridinol binding in a pocket near the methyl group of SAM
in HcgC. However, co-crystallization experiments of HcgC
Figure 1. The FeGP cofactor (a) and the HcgC-catalyzed reaction (b).
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with SAH and the methylated pyridinol product 3 (Figure 1b)
were unsuccessful.
Here, we report on the crystal structure of HcgC from
Methanococcus maripaludis in complex with SAH and
substrate 2. Complemented by kinetic analysis of several
enzyme variants with site-specifically exchanged amino acids,
a catalytic mechanism for this methyltransferase is proposed.
His-taggedHcgC fromM.maripaludiswas heterologously
produced in Escherichia coli, purified using nickel-affinity
chromatography, and crystallized in the presence of SAH and
substrate 2, as well as SAM and substrate 2 (see the
Supporting Information). The HcgC/SAH/2 structure deter-
mined at 1.7c resolution (Figure 2a) revealed a dimer-of-
homodimer architecture analogous to the HcgC structure
from Methanocaldococcus jannaschii,[8d] with a root mean
square deviation of 0.65c. Each of the four active sites of the
tetramer contains SAH and, in addition, two of them contain
substrate 2 in the electron density (Figure 2b and Figure S1 in
the Supporting Information). However, substrate 2 appears to
be partly broken in one of the active sites and is superimposed
in the electron density with an unknown linear compound
(Figures S1a, S2, and S3a). The fourth monomer showed only
electron density for SAH and water molecules (Figures S1d
and S3a). To prevent the degradation of substrate 2 during
long-term incubation in the crystallization drops, HcgC was
co-crystallized with SAH and substrate 2 within less than two
days. In addition, we soaked crystals of the HcgC apoenzyme
with SAH and substrate 2. The X-ray structures based on
rapidly grown and soaked crystals (2.0 and 2.05c resolution,
respectively), revealed full occupancy of the four active sites
with SAH and the intact pyridinol 2 (Figure S3b and S3c).
Since the binding mode was identical to that in the 1.7c
structure, the latter higher-resolution structure was conse-
quently applied for further analysis.
The binding of SAM or SAH was already described in
detail in a previous report.[8d] Substrate 2 is bound to the
predicted active-site pocket near SAH, located between two
subunits of the dimer. Comparison between HcgC/SAH with
and without substrate 2 (for the latter, see below) indicated
a rigidification of residues 1–12 upon the binding of substrate
2. This rigidified loop largely shields the substrate from the
bulk solvent and participates in binding of substrate 2 and in
catalysis. The planar pyridinol ring is clamped between Ile115,
Ile5’, Val9’, and SAH (amino acids of another monomer are
indicated with apostrophes), which adjusts the pyridinol–
SAH orientation and the distance of 4.2c between the C3 of
the pyridinol and the sulfur atom of SAH (Figure 2b).
Pyridinol 2 is primarily anchored to the polypeptide by its
carboxymethyl group, which is hydrogen-bonded to the N and
OH of Thr179. Thr179 is positioned at the positively charged
N-terminal end of helix 178–194. In addition, W5 bridges the
carboxymethyl group of substrate 2 with Met178-NH and
SAH-COO@ and W6 with Tyr51-OH. Apart from Ile115-N,
the pyridinol ring is connected with the polypeptide by
a series of solvent-mediated interactions (Figure 3a,b). The 2-
OH group of 2 is linked via W1 with Ile5’-NH and Glu209-
COO@ and viaW2 with Thr6’-OH and I115-CO, and the 4-OH
group via W3, which is itself coordinated via W7 with Ser175-
OH, Glu134-COO@ , and the SAH-NH4
+ group. W4 bridges
the pyridinol N atom with Ser233’-OH and Glu209-COO@ .
Note that two monomers and SAH are involved in binding
the pyridinol substrate and that the residues connecting the
water molecules with substrate 2 are fully conserved (Fig-
ure S4).
The X-ray structure at 1.8c resolution determined from
crystals grown in the presence of HcgC, SAM, and substrate 2
contains only SAH in the four sites at the same position and
conformation as in the HcgC/SAH/2 complex but with
a disordered N-terminal loop and thereby an open active-
site pocket (Figure S5). Under the crystallization conditions,
SAM and 2 reacted to give SAH and the methylated product
3 (see Figure 1b), which was subsequently confirmed using
MALDI-TOF-MS for identifying product 3. The absence of
product 3 in the electron density suggests a weaker binding of
the HcgC/SAH complex to the methylated product 3 than to
substrate 2, which might be due to a clash between the 3-
methyl group of product 3 in the planar pyridinol form and
the main chain of Ile115.
Figure 2. The 1.7 b crystal structure of HcgC complexed with SAH and
the pyridinol substrate 2. The substrates are depicted as stick models.
a) Overall structure of the tetrameric form. b) The active-site cleft with
bound SAH (carbon atoms in green) and substrate 2 (carbon atoms in
purple). The 2Fo@Fc map was contoured at 1.0 s. Upon binding of
pyridinol 2, the disordered N-terminal loop (highlighted without trans-
parency) of the other monomer (light green) is fixed to close the cleft
from all sides. Pyridinol 2 is bound to the predicted active-site pocket
near SAH.
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To assess the role of the interactions between substrate 2
and specific amino acids on catalysis, mutational analysis was
performed. Thr179 is the only amino acid with a side chain
that is directly hydrogen-bonded to substrate 2. After
mutation of this residue to valine, the enzyme variant
exhibited no enzyme activity (Table 1), which emphasizes
the crucial function of the carboxy group as an anchor for
substrate binding. Mutation of Thr6’, Ser233, and Glu209
(each linked via one water molecule to substrate 2) to valine,
alanine, and glutamine resulted in a drastic decrease in kcat/KM
or complete inactivation (Table 1 and Figure S6), which
demonstrates the importance of the water molecules W1,
W2, and W4. For a control, Ser175 and Tyr51, which are not
hydrogen-bonded with water molecules (directly involved in
binding of 2-OH and 4-OH), were exchanged to alanine and
phenylalanine, respectively. These mutations exhibited only
small kinetic effects, as predicted (Table 1, Figure S6).
The ternary HcgC/SAH/2 structure, the kinetic character-
ization of enzyme variants, and current knowledge about
SAM-dependent methyltransferase reactions allowed us to
postulate a catalytic mechanism. SAM-dependent methyl-
transferase reactions normally follow two catalytic strate-
gies:[1b] 1) proximity and desolvation to adjust an optimal
geometry between the reaction groups and to avoid side
reactions, and 2)general acid/base or metal-based catalysis to
increase the nucleophilicity of the methyl-accepting atom. In
HcgC, the two bulky compounds SAM and substrate 2 are
arranged in a proper orientation for performing the SN2
methyl transfer reaction. The distance between the methyl
group of SAM and the C3 of 2 is ca 2.7 c. Modeling of SAM
into the HcgC/SAH/2 complex suggested a transiently
strained conformation in the ternary HcgC substrate com-
plex. An energy-rich state prior to the nucleophilic attack,
created by substrate-binding energy, would reduce the
activation energy of the methyl transfer. Rigidification of
residues 1–12 of the partner monomer, which wraps the
substrate, might play an important role in this process; the
ternary HcgC/substrate complex is pressed from all directions
without the possibility to move.
In comparison to other SAM-dependent methyltransfer-
ases, HcgC contains neither a metal ion nor a protonatable
amino acid adjacent to the C3 of substrate 2, which excludes
a metal-based or catalytic acid/base mechanism. HcgC uses
a special strategy that exploits the chemical structure of
substrate 2. Its 2-OH and 4-OH groups are ideally positioned
for formally localizing an electron pair on C3 by resonance
effects (Figure 3). Thus, the reaction starts from the keto form
through a nucleophilic attack of the electron pair on C3 on the
positively charged methyl group of SAM. The proton on C3,
acidified by keto/enolate stabilization, is subsequently
released and might be transferred via W2, which 3.4c away
Figure 3. Water molecules that stabilize and activate substrate 2.
a) Detailed HcgC–2 interactions in the active-site cleft. b) Scheme for
the water-assisted deprotonation of the 2- and 4-hydroxy groups of
substrate 2. For clarity, water molecules W5, W6, and their coordinat-
ing residue and SAH are not depicted in panel (b). The 2- and 4-OH
groups of the methyl acceptor 2 are mainly fixed with the polypeptide
chain by a series of mostly water-mediated hydrogen bonds. Only
Thr179-O, Thr179–N, and Ile115-N are directly hydrogen-bonded to the
carboxy group and the 4-OH group of substrate 2, respectively.
c) Proposed catalytic mechanism for the SAM-dependent methyl-trans-
fer reaction of HcgC.
Table 1: Catalytic activity of the mutated enzymes.
Mutation[a] Apparent kcat
[min@1][b]
Apparent KM [mm]
[b] kcat/KM
[mmmin@1]
Wild 2.4:0.2 7.3:3.7 0.33
T6V 0.32:0.04 100:29 0.0032
Y51F 0.25:0.01 5.4:1.6 0.046
S175A 1.3:0.2 7.6:8.7 0.17
T179V –[c] – –
E209Q –[c] – –
S233A 0.34:0.02 36:5 0.0094
[a] The mutated amino acid residues are fully conserved in HcgC
(Figure S4). [b] The concentration of SAM was 1 mm. [c] The activity was
too low to determine kcat and KM values.
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from it, to the bulk solvent. The water molecules W1, W2, and
W3 appear to be ideally suited to exquisitely balance the
energetic landscape between deprotonation/protonation and
keto/enolate mesomeric structures to maximize the proba-
bility of electron density on C3.
Based on structural and mutational data, we presented
a unique activation strategy of a methyl acceptor by water-
balanced keto/enolate resonance stabilization. In addition, we
learned from this study why nature uses substrate 2 as
a precursor for 3-methylation in the biosynthesis of the FeGP
cofactor before conjugation with guanosine monophosphate
catalyzed in the next step of FeGP cofactor biosynthesis.
Methyl transfer to C3 of 4-guanylyl-2-pyridinol is energeti-
cally more difficult than that of 4-hydroxy-2-pyridinol due to
the reduced number of resonance structures.
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